Abstract. Previous studies have drawn attention to dendritic cell (DC) vaccines; particularly the application of the tumor-associated antigen-targeted DC vaccine. The present study analyzed DCs derived from a normal individual and pulsed the cells with heat shock protein 70 peptide (Hsp70) and/or hepatitis B virus x antigen (HBxAg), a hepatocellular carcinoma (HCC)-associated antigen. It was then investigated whether this method of vaccination induced strong therapeutic antitumor immunity. The results revealed that the Hsp70/HBxAg complex-activated phenotype improves the functional maturation of DCs compared with using Hsp70 or HBxAg alone. Compared with either Hsp70 or HBxAg alone, matured DCs pulsed with the Hsp70/HBxAg complex stimulated a high level of autologous T-cell proliferation and induced HCC-specific cytotoxic T lymphocytes, which specifically killed HCC cells through a major histocompatibility complex class I mechanism. These results indicated that a vaccination therapy using DCs co-pulsed with the Hsp70/HBxAg complex is an effective strategy for immunotherapy and may offer a useful approach to protect against HCC.
Introduction
Hepatocellular carcinoma (HCC) causes high rates of mortality worldwide and is increasing in incidence (1) . Epidemiological investigation demonstrates that the incidence of HCC is associated with the hepatitis B virus (HBV) x antigen (HBxAg) (2) . The risk of developing HCC in HBxAg-positive individuals is higher compared with that in the HBxAg-negative populations (1, 3) . Currently, the predominant clinical treatment for HCC is surgical resection and liver transplantation, however, the majority of patients lose surgical opportunity (4) . Therefore, identifying a safe and efficient therapeutic strategy for HCC is of great global significance.
Immunotherapy, which stimulates tumor-specific immune responses has become one of the most promising emerging treatments (5) . Previous studies have demonstrated the development of dendritic cell (DC) vaccination. DCs exhibit properties associated with innate and adaptive protective immune responses, induce tumor-specific effector T cells, and specifically decrease tumor mass and tumor relapse (6) (7) (8) .
Heat shock proteins (HSPs), also termed stress proteins, are essential in the regulation of protein synthesis and vesicular trafficking, and have been demonstrated as potent adjuvants in cancer immunotherapy (9) . Certain previous results suggest that the preparation of HSPs from various types of tumor can elicit different cytotoxic antitumor immune responses, and induce the development of distant metastases (10) . HSPs can also bind and present tumor-associated antigens to antigen-presenting cells through major histocompatibility complex (MHC) class I and II molecules, leading to the activation of antitumor CD8 + and CD4 + T cells (11) . However, whether using DCs co-pulsed with Hsp70/HBxAg complexes activates the cytotoxic antitumor immunoresponse in the HCC cells of HBxAg-positive individuals remains to be elucidated. The present study used DCs pulsed with Hsp70-peptide and/or HBxAg complexes to activate autologous T cells. The present study aimed to use pulsed DCs to develop a novel therapeutic strategy for the treatment of HCC, and also strived to provide a novel tumor vaccine approach against human HCC. Preparation of DCs. DCs were generated, as described previously (12) . Briefly, peripheral blood mononuclear cells (PBMCs) were isolated from healthy donors (Suzhou Blood Center, Jiangsu, China), using Ficoll-Hypaque (TBD Science, Tianjin, China) density gradient centrifugation and cultured in RPMI-1640 medium, containing 10% FBS for 2 h. The non-adherent cells were removed for the isolation of T cells and the adherent cells were cultured for 7 days in RPMI-1640 medium, containing 10% FCS, 100 ng/ml human granulocyte macrophage colony-stimulating factor (GM-CSF; Amoytop, Xiamen, China) and 10 ng/ml human interleukin (IL)-4 (Amoytop). The culture medium and cytokines were refreshed every 2 days. DCs were harvested on the 7th day.
Materials and methods

Cell
Flow cytometric assay. The DCs were pulsed with Hsp70-peptide (ProSpec, Rehovot, Israel) and/or HBxAg (ProSpec) at 37˚C for 4 h, and were cultured for another 48 h. The DCs were washed with cold phosphate-buffered saline (PBS), and incubated with murine monoclonal anti-human HLA-DR (cat. no. 560943), CD11c (cat. no. 560999), CD80 (cat. no. 560926), CD86 (cat. no. 560958) and CD83 (cat. no. 560929; BD Pharmingen, San Diego, CA, USA) for 1 h in ice. Following incubation, the cells were washed with cold PBS and were incubated with fluorescein isothiocyanate-conjugated with goat anti-mouse IgG (BD Pharmingen) for 30 min on ice. The cells were subsequently washed with cold PBS and fixed with 2% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA). The fluorescence intensity was analyzed using an Epics XL FACS Calibur (Beckman Coulter, Inc., Fullerton, CA, USA) and EXPO32 ADC CellQuest analysis software (Beckman Coulter, Inc.) (13) .
IL-12 release enzyme-linked assay.
Following treatment with different antigens, DCs were cultured in 6-well plates for 24 h. Cytokine release in the supernatants was subsequently assessed by an ELISA using an IL-12 ELISA detection kit (R&D Systems, Shanghai, China).
Mixed lymphocyte reaction. The mixed lymphocyte reaction was performed, as described previously (14) . Briefly, 1x10 5 CD4 + T cells were mixed with antigen-pulsed DCs and normal control DCs (R/S ratio, 10:1, 20:1 and 50:1). They were seeded into flat-bottomed 96-well plates in 200 ml RPMI-1640 medium, containing 40 ng/ml IL-2, and were cultured at 37˚C for 5 days. The cells were harvested onto glass fiber filters with a 96-well plate cell harvester (PLT 96WL; Corning Incorporated, Corning, NY, USA). Cell-associated radioactivity was determined using a cell counting kit-8 assay kit (Shanghai Qcbio Science & Technologies Co., Ltd., Shanghai, China). The results of triplicate assays are expressed as the mean counts per minute ± standard deviation.
Cytotoxicity assay. The autologous CD8
+ T cells were incubated with stimulators (PBS-DCs, Hsp70-DCs, HBxAg and Hsp70/HBxAg-DCs) at a ratio of 20:1 in 96-well culture plates in RPMI-1640 medium, containing 40 ng/ml IL-2 for 5 days at 37˚C with 5% CO 2 . The cytotoxicity analysis was performed using a lactate dehydrogenase (LDH) release assay. Briefly, the effector T cells were harvested and incubated with HepG2 cells at ratios of 5:1, 10:1 and 20:1 in 96-microwell plates at 37˚C and 5% CO 2 for 4 h. The plates were subsequently centrifuged for 5 min at 250 x g, at room temperature. The supernatants from each well (100 µl) were transferred into 96-well flat-bottomed microwell plates and 100 ml LDH substrate mixture was added. Following incubation for 15 min, the absorbance was measured at 490 nm on an ELISA 550 Microplate reader (Bio-Rad Laboratories, Inc. Hercules, CA, USA). The CTL-mediated cytotoxicity was calculated using the following formula: Cytotoxicity- 
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
The total RNA was extracted using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA). The total RNA (2.5 µg) was reverse transcribed using a Superscript™ III kit (Invitrogen Life Technologies), according to the manufacturer's instructions. PCR amplification was performed in a 50 µl PCR reaction mixture, containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 2 mM MgCl 2 , 20 pmol each primer set, 2 units Taq DNA polymerase (Beyotime Institute of Biotechnology, Jiangsu, China), 0.2 mM dNTPs and 2 ml cDNA. PCR was performed for 40 cycles at 95˚C for 10 min, 95˚C for 15 sec and 60˚C for 1 min in a 7900HT Fast Real-Time PCR System (ABI, Palo Alto, CA, USA), and analysis of the dissociation curve was performed at 95˚C for 15 sec, 60˚C for 1 min, 95˚C for 15 sec and 60˚C for 15 sec. The nucleotide sequences of the oligonucleotide primers for HBxAg were as follows: Forward: 5'-ACCGACCTTGAGGCCTACTT-3' and reverse: 5'-GCTTGGCAGAGGTGAAAAAG-3' (Sangon Biotech Co., Ltd., Shanghai, China).
Immunoblot analysis. The total cellular proteins were extracted by lysing cells in a sodium dodecyl sulfate (SDS) sample buffer, containing 62.5 mM Tris-HCl (pH 6.8), 2% SDS, 1 mM phenylmethylsulfonyl fluoride, 10 mg/ml pepstatin, 12.5 mg/ml leupeptin, 2 mg/ml aprotinin, 1 mM sodium orthovanadate and 1 mM sodium molybdate. The method of cell extraction for western blotting was performed, as described previously (15) . The HBxAg used for immunoblot analysis was purchased from MyBioSource, Inc. (San Diego, CA, USA).
Adaptive immunotherapy in the xenograft model of nude mice. Female severe combined immunodeficiency (SCID) mice (n=10; age, 4 weeks; weight, 9.7±0.51 g) were purchased from (Shanghai Laboratory Animal Center, Shanghai, China). The SCID mice were inoculated subcutaneously with 7.5x10 6 HepG2 tumor cells in 150 ml Matrigel (Becton Dickinson, Bedford, MD, USA) and 50 ml sterile PBS. Following tumor inoculation for 7 days, the SCID mice were randomized into three groups and treated with T cells (2. Statistical analysis. The experiments and in vitro assays were performed at least three times. The differences between the mean values were assessed by Student's t-test. Statistical analysis was conducted using Prism 4 (GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
HepG2 cells stably express HBxAg.
In order to determine the role of HbxAg in human hepatic cell lines, it was first confirmed that the HepG2 cell line stably expressed the HbxAg following transfection. Western blotting and RT-qPCR were used to detect the expression levels of HbxAg in the HepG2 cells. As shown in Fig. 1 , the results revealed that the HepG2 cell line exhibited a high expression level of HbxAg, following transfection.
Maturation of human DCs pulsed with different antigen complexes.
To investigate the effects of antigen complexes derived from HepG2 cells on DCs, immature DCs were generated by culturing human PBMCs in the presence of human GM-CSF and IL-4 for 7 days. The immature DCs were incubated with antigen complexes at 37˚C and were subsequently cultured for 48 h. The expression levels of HLA-DR, CD86, CD11c, CD80 and CD83 were determined by flow cytometry. The expression levels of HLA-DR, CD86 co-stimulation molecule, CD83 maturation marker, CD11c and CD80 were significantly upregulated ( Fig. 2A) . These results indicated that antigen complexes induced the maturation of DCs, suggesting that antigen complexes effectively activated DCs.
Cytokine release of DCs pulsed with different antigens.
The IL-12 release in the supernatants of DCs either pulsed or non-pulsed with different antigens was assessed by ELISA. The results revealed that the levels of IL-12 were significantly upregulated following infection for 24 h. However, when the DCs were pulsed with Hsp70/HBxAg, the level of IL-12 was higher compared with that of DCs pulsed with PBS, HBxAg and Hsp70 (Fig. 2B) . The results demonstrated that the antigens activated CD4 + and CD8 + T cells.
Induction of specific CTLs against HepG2 by DCs pulsed with Hsp70/HBxAg complexes.
The functional capability of the CTLs responding to antigen-pulsed DCs was assessed by determining whether it specifically killed tumor cells. CD8 + T cells were plated into 96-well plates in a medium containing The results indicated that Hsp70/HBxAg-DCs specifically induced high CTL activity against HBxAg-expressing HepG2 cells. In the Hsp70/HBxAg-positive group, the CTL response was markedly higher compared with that observed in the Hsp70/HBxAg-negative group, indicating that the CTL response is antigen dependent (Figs. 3 and 4) . To further confirm whether the cytotoxicity in tumors is independent of the MHC class I immunoresponse, two HCC cell lines HepG2 and SMMC-7721 were used for detection (Fig. 5) . The results revealed that the cytotoxicity against HepG2 and SMMC-7721 cells was independent of MHC class I. (Fig. 6 ). The results indicated the possible therapeutic potency of T cells stimulated by Hsp70/HBxAg-DCs.
Establishment of
Discussion
DCs are efficient antigen-presenting stimulators of B and T lymphocytes, which have potent immunostimulatory properties (16, 17) . Several immunotherapies regulate DCs to stimulate the immune response (18) . Previous studies demonstrated that DC-based vaccine therapy effectively stimulates T-cell immunity and kills tumor cell lines, including malignant melanoma (19) , breast cancer (20) and ovarian cancer (21) cells.
A previous study suggested that HSPs, including Hsp70 and Hsp90, are potent tumor-antigen sources for pulsing DCs to activate macrophages and release specific and non-specific effecter molecules, which can increase the effect of the macrophages (22) . Inducible Hsp70 may function as a crosslink between the innate and adaptive immune response (23, 24) .
HBxAg is associated with several advanced liver diseases, and HBxAg and other etiological factors have been implicated in hepatocarcinogenesis (25) . HBxAg can increase the risk of HCC in patients with chronic HBV infection. Previous studies have revealed that a vaccination composed of particulate hepatitis B antigen induces a specific immune response and significant antitumor effects in vivo (26) and in vitro (27) .
However, whether the Hsp70/HBxAg complex enhanced the immune response in the HepG2 cells expressed by HBxAg remains to be elucidated. Therefore, the present study predominantly used HepG2 (HBxAg + ) ( Fig. 1A and B) and SMMC-7721 (HBxAg -) cells to confirm this hypothesis. The functional maturation and proliferation of DCs is a critical step in the stimulation of tumor-specific CTLs (28) . In addition, the results consistently indicated the detection of different markers, such as the CD86 costimulatory molecule, CD83 maturation marker, and other markers including CD80 and CD11c ( Fig. 2A) , thereby demonstrating that different antigens induce the maturation of allogeneic DCs by upregulating. CD4 + T cells have an important role in the induction and maintenance of the CTL response (29) . The results from the present study demonstrated that DCs pulsed with Hsp70 complexes stimulated CD4 + T cell proliferation and unpulsed DCs exhibited few stimulatory effects. DCs pulsed with Hsp70/HBxAg also activated a more marked increase in CD4 + T cell proliferation compared with the DCs pulsed with only Hsp70 or HBxAg alone (Fig. 2B) .
A previous study revealed that tumor cytotoxicity is mediated by lymphocytes, notably by CTLs (30) . Therefore, in the process of tumor immunotherapy, activating tumor-specific CTLs to kill tumor cells is considered an important event (31) . The present study revealed that Hsp70-DCs and HBxAg-DCs were able to induce CTL activity against HCC cells with high efficiency, consistent with this previous observation (Fig. 3) . However, the data demonstrated that Hsp70-or HBxAg-DCs elicited limited CTL responses against the HCC tumor cell. Notably, after they were co-pulsed with Hsp70 and HBxAg, the Hsp70/HBxAg-DCs were able to stimulate CD4 + T cells, which proliferated more effectively compared with those activated by DCs pulsed with HBxAg or Hsp70 alone (Fig. 3) .
To further confirm that CTLs killed the HepG2 cells, and to define the specificity of the CTLs generated by the coculture of T cells with autologous DCs pulsed with Hsp70-peptide and/or HBxAg complexes, the cytotoxicity of the T-cell against HepG2 (HLA-A2 + /HBxAg . Thus, in conclusion cytotoxicity occurred in an antigen-specific manner (Fig. 4B) .
Numerous co-stimulatory molecules, including CD80 or CD86, can induce tumor-specific T lymphocytes. The cytotoxicity induced by the antigens can be blocked by anti-MHC class I antibody (12) . The present study used two HCC cell lines, HepG2 and SMMC-7721, for detection. As shown in Fig. 5 , pre-incubation of the HepG2 and SMMC-7721 cells with anti-MHC class I antibody resulted in the abrogation of tumor cell lysis. Therefore, cytotoxicity against HepG2 and SMMC-7721 cells was MHC class I restricted (Fig. 4) . In vivo results also confirmed that the Hsp70/HBxAg complexes significantly inhibited tumor growth in the SCID mouse model compared with the control group (Fig. 6 ).
In conclusion, the present study is the first, to the best of our knowledge, to demonstrate that Hsp70/HBxAg-co-pulsed with DCs elicited a marked and specific antitumor immune response. These results indicated that an Hsp70/HBxAg-co-pulsed DC-based cancer vaccine may be a useful application for tumor immunotherapy and may reveal promise in the development of HCC immunotherapy.
